Introduction
The centromere is a specialized region in the chromosome that is essential for the accurate segregation of chromosomes during mitosis and meiosis. 1 Except for the budding yeast Saccharomyces cerevisiae, most centromeric DNAs contain highly repetitive satellite DNA sequences that are essential for their proper functioning. Intriguingly, most centromeric satellite sequences are asymmetric in the distribution of purine content, which usually results in one strand being purine-rich vis-a Á-vis the other strand. Examination of such extraordinary purine distribution has led to the ®nding that centromeric purinerich sequences are capable of adopting stable fold-back structures. 2 ± 7 In this respect, it is important to note that a single-stranded DNAbinding protein from the Drosophila nuclear extracts that preferentially binds to the individual dodeca-satellite pyrimidine-strand has been discovered, implying that its complementary purine-strand may be free to form fold-back structures in vivo to organize the centromere structure. 8 Although centromeric satellite DNA sequences are poorly conserved for most species, it is expected that their structures may be conserved to some extent through evolution to serve their specialized function. 9 In order to look for possible common structural elements in the centromeres, it is interesting to note that two DNA satellite sequences, the human 5 bp satellite 5
H -(TGGAA) n -3 H2,10,11 and the Drosophila dodeca-satellite 5 H -(GTACGGGACCGA) n -3
are abundantly present and highly conserved in the centromere. These may serve as the model sequences for the structural characterization of the eukaryotic centromere. The fold-back structure of the human centromeric (TGGAA) n repeat 2, 3 was indeed found to adopt a stable zipper-like (GGA) 2 motif in our earlier studies; 4 the central guanosine bases are not paired, but interdigitated to form a doubleintercalated G-4 stack with the bracketed G ÁA base-pairs. As a result, the unpaired guanine bases and the bracketed sheared GÁA pairs are able to provide many hydrogen-bonding donors and acceptors in the major groove for possible interaction with other ligands. On the other hand, the structure of the G-rich repeats (GTACGGGACCGA) n of the Drosophila centromeric dodeca-satellite sequence is less well identi®ed, 12 ± 13 although it was also demonstrated to form stable fold-back structures with the central 5 H -GGGA-3 H tetranucleotide found to play a determinant role in stabilizing the fold-back structures. 5 We are thus interested in studying this fold-back structure in order to compare it with the (GGA) 2 motif in the human centromeric (TGGAA) n repeats to search for possible common structural motifs in the eukaryotic centromeres. Since homopurine DNA sequences have a tendency to be structurally polymorphic, 14 we embedded the (GPuPuA) 2 tracts (Pu purine) in the stem of a DNA hairpin closed by a stable single-residue d(ACC) loop to facilitate its studies by NMR spectroscopy. The excellent stability of the resulting structures indicates that the (GGGA) 2 motif may possibly play important roles in organizing the highly conserved Drosophila centromeric dodeca-satellite (GTACGG-GACCGA) n repeats. The similar zipper-like motifs adopted by the (GPuA) 2 tract and the (GPuPuA) 2 tract and their prevalence in the eukaryotic centromere imply that the zipper-like interdigitated motifs may serve as common cores in organizing the eukaryotic centromere structure.
Results

Thermodynamic studies
The various homopurine (GPuPuA) 2 motifs are embedded in the stem of a 19-mer hairpin 5 HGCGPuPuAACACCGTGPuPuAGC-3 H for both UV-melting and NMR studies. The UV-melting curves for several such motifs are shown in Figure 1 with their thermodynamics parameters listed in Table 1 . All hairpins containing the homopurine (GPuPuA) 2 motifs exhibit well-behaved transition curves that indicate good structural formation for these sequences. Several points are noteworthy from the UV-melting studies; (1 This result indicates that they adopt different structures under identical condition. Since approximately equal numbers of hydrogen bonds are present in these two motifs (assuming that each central guanosine residue in the (GGGA) 2 motif contributes one hydrogen bond), the huge difference in the ÁH values must originate from the different base stacking. The NMR structural studies described below do prove that there is excellent cross-strand G/G/G/G stacking in the 5 H -GGGA/ AGGG-5 H motif, contrary to the much weaker partial intra-strand stacking that usually takes place in a canonically paired B-DNA duplex. This can explain why the 5 H -GGGA/AGGG-5 H motif has a larger ÁH value (À57 kcal/mol; 1 cal 4.184 J) than the 5 H -TTAA/AATT-5 H motif that has a smaller ÁH value (À37 kcal/mol). However, this unusual interdigitated motif contains four unpaired guanine bases (see Figure 5 ) that expose a large number of functional groups for interacting with the surrounding water molecules. Larger entropy loss would be expected for this motif, due to the ordered formation of water molecules surrounding the interdigitated region. (3) The position of guanosine residues in the interdigitated motif also markedly affect the UV-melting temperatures of their corresponding hairpins. Comparing row 6 with row 7 in Table 1 , one can see that when the 5 H -GAGA/AGAG-5 H motif is replaced with the 5 H -GGAA/AAGG-5 H motif, its UV-melting temperature drops by about 3 deg. C. This can be explained by the special stacking present in the (GPuPuA) 2 motif. As shown in Figure 4 , two interdigitated modes are possible for the (GGGA) 2 motif; either type I with residue G4 stacking upon residue G3 and residue G15 upon residue G14, or type II with residue G5 stacking upon residue A6 and residue G16 upon residue A17. Experimental data described below clearly indicate that the (GGGA) 2 motif adopts a type I interdigitated mode, i.e. the unpaired residue G4 stacking upon the sheared G3 ÁA17 pair and the unpaired residue G15 stacking upon the sheared G14 Á A6 pair. This special intercalation mode can be used to rationalize why the hairpin containing the 5 H -GAGA/ AGAG-5 H motif is more stable than the hairpin containing the 5
H -GGAA/AAGG-5 H motif due to the distinctive G/G stacking. Theoretical calculation has indicated that the guanine base is much more polar than the adenine base. 15, 16 Stability of the G/ G stacking would therefore depend considerably upon whether they are engaged in the anti-parallel or parallel stacking, with the anti-parallel stacking stabilizing the G/G stacking and the parallel stacking destabilizing it. On the contrary, base stacking The data in the ®rst column are from the control sequence containing all canonical AÁT base-pairs in the corresponding region. The UV-melting experiments were performed with a Cary 100 spectrophotometer equipped with a temperature-controller under a low-salt, neutral buffer condition (20 mM NaCl, 3 mM sodium phosphate (pH 6.8) as that used in the NMR studies. A temperature probe was used to monitor the genuine temperature inside the cell. Thermodynamic data were calculated from the van't Hoff plots obtained from the Thermal application software supplied by the vendor. The rows are arranged in the order of decreasing potential H-bonding numbers.
with no polar base like A/A or with only one polar base like G/A would experience no such large orientation effect. This reasoning has in fact been used to account for the sequence-dependent stability of different DNA sequences. 15, 16 In the current 5
H -GGAA/AAGG-5 H motif, the ®rst unpaired guanine base (in bold) stacks in parallel with the 5 H -end guanine base (see Figure 4 ) that would cause destabilization. While in the 5
H -GAGA/AGAG-5 H motif, it is the adenine that stacks in parallel with the 5 H -end guanine; no destabilization would thus be expected. Furthermore, the two inner zipper guanine bases in the 5
H -GAGA/AGAG-5 H motif are stacked in an anti-parallel way (see Figure 6 ), leading further to its stabilization against the 5
H -GAAA/AAAG-5 H motif (row 8) is the least stable in this series of zipper-like motifs, possibly due to the lack of hydrogen bonding contribution from the inner zipper adenine bases. Broader linewidth ( Figure 2 ) and weaker NOE cross-peaks for this motif lead to the deterioration of the NMR spectra that are not of suf®cient quality for structural studies. However, it is interesting to note that the crystal structure of a duplex containing the zipper-like 5
H -GAAA/AAAG-5 H motif has been solved successfully in the presence of metal hexamine salts. 17 
NMR studies
The one-dimensional imino and aromatic proton spectra at a neutral (pH 6.8) low-salt buffer condition at 0 C for the hairpins containing the 5
H motif (GAGA), and 5 H -GAAA/AAAG-5 H motif (GAAA) are shown in Figure 2 . The imino proton signals were assigned by .2D-NOESY in 90 % H 2 O/10 % 2 H 2 O as previously described. 18 All four oligomers reveal the characteristic imino proton signals expected for the four canonical G ÁC and A Á T pairs in the 12.5-3.2 ppm region. However, extra signals from the (GPuPuA) 2 motifs were clearly detected. In the GGGA spectrum, two sharp imino proton signals at approximately 10.2 ppm, as well as two sharp signals accounting for four imino protons at 9.6 ppm, were observed. The signals at 9.6 ppm were further separated into four peaks when one of the central guanosine residues is changed to inosine, as shown in the GIGA spectrum. The two imino proton signals at 10.2 ppm are characteristic of the unpaired G-imino proton in a sheared GÁ A base-pair, indicating the formation of bracketed sheared G3ÁA17 and G14ÁA6 base-pairs. 19, 20 The four imino protons at 9.6 ppm, on the other hand, imply that the central two G-G`s teps'' of the G4, G5, G15, and G16 residues are not involved in a hydrogen bond, yet are well protected from the solvent exchange as judged by their narrow linewidths. The chemical shifts of these G-imino protons are similar to those of the unpaired G-imino protons in the zipper-like (GGA) 2 motif, 4 further implying that the central two G-G steps adopt a similar interdigitated motif. In the GAGA spectrum, only two such unpaired G-imino protons (shifted to 9.9 ppm) were observed, while in the GAAA spectrum, no such proton was observed at all, although the two Gimino protons belonging to the bracketed sheared G ÁA base-pairs were observable in all the cases. The imino proton spectra of these four oligomers are thus consistent with a picture in which the central four purine residues in the (GPuPuA) 2 motif are not paired but interdigitated and bracketed by a pair of sheared GÁ A base-pairs. However, some minor forms of unknown nature are present in the GAGA or GAAA spectra, as revealed by the presence of minor peaks or the broader linewidth of several peaks. In fact, the linewidth of the two unpaired G-imino protons in the bracketed sheared G ÁA base-pairs in the GAAA spectrum have become broadened to such an extent that they collapse into one broad peak. This phenomenon indicates that the amino protons in the unpaired guanosine bases are indispensable for stabilizing the interdigitated motif. They are possibly involved in hydrogen bonding to stabilize the nearby imino protons and prevent them from exchanging with solvent.
Unusual cross-strand NOEs between the interdigitated guanosine residues
Due to the unusual structure formation in this quadruple intercalation motif, many extraordinary NOEs were observed, which are partially shown in the NOESY spectrum in Figure 3 . Figure 3 (a) illustrates the base-H1
H connectivity (in blue) and the base-H3
H connectivity (in gray) that could be followed successfully through the previously described sequential assignment procedure. 21 The H1
H chemical shifts of residues G3/G4 and G14/ G15 are overlapped but could be revolved by replacing either residue G4 or G5 with inosine (data not shown). Besides the regular NOEs, many informative unusual NOEs were observed in Figure 3 (a) and these are marked with small letters. We have observed systematic cross-strand NOEs between the G4H8-G16H1
H protons (crosspeak f, see also Figure 5 (a)), the G16H8-G5H1
H protons (g), and the G5H8-G15H1
H protons (h), and their reciprocal NOEs between the G15H8-G5H1
H protons (i), the G5H8-G16H1
H protons (j), and the G16H8-G4H1
H protons (k), which are extremely useful in establishing this unusual quadruple-intercalation feature of the central two G-G steps. In other word, the observation of the G16H8-G4H1
H /G5H1 H and G5H8-G16H1 H /G15H1 H NOEs indicates that residue G16 is intercalated between residues G4 and G5, while residue G5 is intercalated between residues G16 and G15. These non-sequential and systematic NOEs are rarely detected in any regular B or A-form double helix except in the i motif consisted of two C Á C paired duplexes interdigitiated with each other to form a tetrameric structure. NOEs of the four unpaired guanosine residues. The G4H1
H NOEs again demonstrate that these four unpaired guanosine residues are interdigitated in the G4/G16/G5/G15 order, not in the other way around of the G16/ G4/G15/G5 order (see Figure 4 ). Although these crosspeaks were shown in the spectrum at 600 ms mixing time, they were clearly detectable in the spectrum at 100 ms mixing time (data not shown). Again, these NOEs were hardly detected in any regular B or A-form duplex except in the i motif. 22 Figure 2. The one-dimensional 600 MHz imino, amino and aromatic proton NMR spectrum of the GGGA, GIGA, GAGA, and GAAA hairpins. The imino protons were assigned from the NOESY experiments in 10 % 2 H 2 O/90 % H 2 O solution as described. 18 Figure 3(c) shows the expanded stacked plot of the boxed region shown in Figure 3 (a) at a mixing time of 100 ms. The intra-residue G15H8-G15H3 H and G4H8-G4H3
H cross-peaks (marked by bigger red capital letters G4 and G15) are very strong (even stronger than the CH5-CH6 cross peaks of the C8, C2, C10, and C19 residues), indicating that the outer zipper guanosine residues (G4 and G15) in the interdigitated motif are located in the unusual C3
H -endo domain with short intra-residue GH8-GH3 H distances (approximately 2.3 A Ê ). On the other hand, the corresponding cross-peaks for the inner zipper guanosine residues (G5 and G16) have weaker intensity but are still stronger than those of other residues in this oligomer, indicating that residues G5 and G16 incorporate a sugar conformation that is intermediate between the C2 Hendo and C3 H -endo domains. The unusual sugar puckers for the outer zipper G4 and G15 residues and the inner zipper G5 and G16 residues are also con®rmed by the DQ-COSY 23 H ; c, A17H2-G4H1
H NOE connectivity. The cross-peak indicated by the arrow is the C19H5-G18H1
H NOE that has a distance of approximately 4.5 A Ê . (c) The stacking plot of the boxed region in (a). The four CH5-CH6 cross-peaks are labeled by their residue numbers. The very strong intra-residue H8-H3 H NOE cross-peaks of the G4 and G15 residues (corresponding to a distance of approximately 2.3 A Ê ) and the medium-strength H8-H3
H NOE crosspeaks of the G5 and G16 residues are labeled. Cross-peak a is the inter-residue G15H8-G14H1 H and b is the inter-residue G4H8-G3H1 H NOE. These strong NOE cross-peaks at the junction between the ®rst unpaired residues and the sheared G ÁA pair were observed also in the previously studied (GGA) 2 motif. 4 The weak G5H8-H1 H and G16H1 Figure 4 , which is also used to distinguish between the two possible interdigitated modes (type I or II) for the unpaired guanine residues in the (GGGA) 2 motif. From the Figure, it is clear that four phosphorus atoms (P5, P6, P16, and P17) out of the six phosphorus atoms in the backbone of the (GGGA) 2 motif exhibit resonance at a higher ®eld position of À2.60 to À3.0 ppm, shifted approximately 1.7 ppm from the cluster resonance at around À4.5 ppm. On the other hand, the signals of the two remaining phosphorus atoms P4 and P15 are located in the regular region at approximately À4.0 ppm. These results are more compatible with interdigitated mode I than with mode II. The 31 P-1 H heteronuclear correlation spectrum further reveals two H4 H protons (G4H4 H and G15H4 H ) that resonate at very high ®eld position of 1.65 and 1.9 ppm respectively. These large up®eld shifts (approximately 2 ppm!) from the regular H4 H chemical shifts are due to the stacking of the deoxyribose of the unpaired G14 and G4 upon the A6 and A17 bases of the¯anking sheared A6ÁG14 and A17ÁG3 pairs, respectively (see Figure 6 ). This idea of sugar-base stacking, with sugar O-4 H and H-4 H pointing directly toward the center of the¯anking A6 and A17 bases, can help stabilize this unusual interdigitated motif, and have been observed several times in other cases. 26 ± 32 Theoretical calculation also shows that the interaction energy of sugar-base contacts can add up to 4 kcal/mol, comparable with that afforded by normal basebase interaction. 15 Therefore, all NMR data, whether they are from the cross-strand G4H1
H NOEs (Figure 3) , the up®eld-shifted signals of the G4-G5, G5-A6, G15-G16, and G16-A17 phosphodiesters (Figure 4) , or the up®eld-shifted signals of the G4H4 H and G15H4
H protons (Figure 4) , all indicate that the unpaired guanine residues in the (GGGA) 2 motif adopt type I interdigitated mode. On the contrary, the deoxyriboses of the central unpaired residues G5 and G16 experience no stacking at all, even though their bases experience excellent stacking ( Figure 5(a) ). This accounts for the fact that the chemical shifts of their sugar protons resume the normal values. Since only weak or undetectable (n)H4
H -(n)P cross-peaks were observed for all the phosphodiesters in the (GGGA) 2 motif (G4, G5, A6, G15, G16, and A17), their z and a torsional angles were all left unconstrained during the structural calculations.
Using the information obtained from throughspace NOE connectivity, through-bond J-coupling connectivity, and (Table S1) . A representation of the abundant inter-stranded NOEs for this quadrauple-intercalation G-6 motif is shown in Figure 5 (a), with the constraint statistics used to determine its solution structure listed in Table 2 .
Structural feature
Due to the abundant experimental distance and torsional angle constraints, the current unusual d(GGGA) 2 motif was well determined, as judged from the overlapping of the 15 ®nal structures from the view perpendicular to the helical axis shown in Figure 5 loop was excluded for comparison) were obtained after distance geometry/molecular dynamics calculation. The unusual X shape backbone due to the four interdigitated unpaired guanine basess is clearly revealed through the tracing ribbon shown in Figure 5 (c). The four unpaired guanine bases are bracketed by two highly buckled sheared G ÁA pairs with the G-6 stack clearly revealed in the right side (guanine residues are colored in red and adenine residues in blue). Figure 5(d) shows the view into the minor groove to reveal the zigzag backbone of the zipper-like quadruple intercalation motif. This Figure also reveals the rather narrow minor groove (the shortest inter-strand P-P distance is only 8.8 A Ê ) and the elongated feature of this duplex resulting from the interdigitation of the central guanosine residues. Figure 5 (e) further shows the wide-eye stereo picture of the quadruple-intercalation motif in space-®lling mode. The abundant hydrogen bonding donors and acceptors of this unusual motif are obvious from this view into the major groove, which, along with other unidenti®ed proteins, may work together to organize eukaryotic centromeres. Figure 6 shows the parallel stacking feature between the ®rst unpaired guanine base (G15 in blue) with the bracketed guanine base (G14 in green) in the sheared G ÁA pair (top panel) and a typical anti-parallel stacking feature between the two unpaired guanine bases in the zipper (G5 and G15 in the middle panel) of the (GGGA) 2 motif. As described above, the guanine base is signi®cantly more polar than the adenine base, and thus the stability of guanine stacks would depend very much upon the guanine base alignment, 15 with the anti-parallel alignment stabilizing and the parallel alignment destabilizing the guanine stacks. This idea is indeed found to be decisive in determining the conformation of the G-6 stack in this unusual zipper motif. Thus, the very strong inter-strand interaction between the inner zipper G5 and G15 bases (middle panel) is demonstrated by the excellent G5/G15 stacking (the G5 base stacks almost entirely upon the G16 base) and the nearly anti-parallel alignment (approximately 150 ) between the G5/G15 bases (polarity is shown in orange arrows), while a twisting of approximately 60 is employed to prevent the unfavorable parallel intra-strand G14/G15 stacking (top panel). A similar situation occurs in the symmetrical half between the G4/G16 and G3/ G4 stacks (not shown). This Figure also accounts for the almost 2 ppm difference in the H4 H proton chemical shifts between the outer zipper G15 and the inner zipper G5 residues (Table S1) ; the H4 H proton of the outer zipper G15 residue (pink dots in the top panel of Figure 6 ) is situated right below the center of the A6 six-membered ring of the neighboring sheared GÁ A pair to exhibit a dramatic up®eld chemical shift of 1.63 ppm, while that of the inner zipper G5 residue has no neighboring purine base to shift its chemical shift, and hence exhibits only a slightly up®eld value of 3.82 ppm compared with other H4
H signals (middle panel of Figure 6 ). Another point worth mentioning about the G-6 stack is the dramatically different twisting angles employed to accommodate such a special multiple purine stacking arrangement; while more than 60 of twisting angle is employed to prevent the parallel alignment of the ®rst unpaired G15 base with the G14 base of the bracketed G14ÁA6 pair (indicated by purple arrows in the top panel of Figure 6 ), less than 10 of twisting angles is implemented between the unpaired guanine bases to maintain the excellent intra-and inter-strand stacking, as clearly revealed in the middle and bottom panels of Figure 6 , in which the inter-strand G5/G15 stacking and the intra-strand G15/G16 overlapping are obvious, while both of the inter-strand and intra-strand twisting angles are close to zero (indicated by purple arrows). It is important to note also that, the intra-strand G15/G16 bases are not neighboring bases, but intercalated by a cross-strand G5 base ( Figure 5(a) ). Such a particular arrangement of twisting angles has therefore resulted in an excellent overall stacking between the G14/G15/ G5/G16/G4/G3 residues in the d(GGGA) 2 motif ( Figure 5(a) ), which, along with the H-bonding between the amino protons of these unpaired guanine bases with the cross-strand phosphodiesters, can account for the comparable stability of the (GGGA) 2 motif with the canonically paired 5 H -(TTAA)/(AATT)-5 H segment (Table 1) .
Discussion
The dodeca-satellite sequence of Drosophila centeromere is highly conserved and has been detected in widely different species separated for more than 60 million years, like plant,¯y, and human. 12 Previous studies by Azorin's group have shown that the purine-rich dodeca-satellite strand alone can form stable intramolecular fold-back structure in a B-DNA environment (as judged by electron microscopy). 5 No such unusual structure was detected for either the pyrimidine-rich strand alone or the double-stranded dodeca-satellite DNA under similar conditions. From chemical mapping studies, it was suggested that the central guanine residues in the GGGA-tract adopt special stacking interaction with the adjacent GÁA mismatches and contribute signi®cantly to the stability of the foldback structures. 5 These data are consistent with the novel quadruple-intercalated G-6 stack structure in the (GGGA) 2 motif presented here, in which the central guanine residues are unpaired, but interdigitated to exhibit excellent cross-strand stacking with each other and form cross-strand H-bonds with the opposite strand backbone phosphodiesters.
However, it is still unclear which register of the dodeca-satellite is responsible for the extraordinary stability of the fold-back structures, as three different registers were proposed for the GGGA-tract (hairpins I, II, and III 5 ) from the chemical mapping studies that yield three different purine-rich motifs of the (GA) 2 , (GGA) 2 , and (GGGA) 2 sequences, respectively. Although the (GA) 2 motif containing tandem sheared G ÁA pairs was proposed to be the major cause for the high stability of the fold-back structures, 7 it is, however, located in an unfavorable 5
H -G-(G-A)-C-3 H context that is not consistent with our previous NMR studies. 20, 33 Our previous studies indicated that only when situated in either a 5
H -Py(GA)Pu/Pu(AG)Py-5 H20 or a 5 H -Py(GA)Py/ Pu(AG)Pu-5
H context 33 will the (GA) 2 motif be stable enough to compare with the canonically paired duplex motif. Even when inserted into a longer stem sequence, the 5 H -(GGAC) 2 -3 H motif still does not adopt the sheared GÁA pairing con®gur-ation, possibly to prevent the unfavorable parallel G/G stacking in this context. There is thus some discrepancy between the chemical mapping and the NMR data. But, as described by these authors, it is dif®cult to use either diethylpyrocarbonate (DEPC) or dimethylsulphoxide (DMS) to determine the base-pair con®guration unambiguously in the homopurine (GGA) n and (GGGA) n sequences. 7, 14 For example, even though the N-7 atoms of guanine bases in the tandem sheared GÁA base-pairs are not involved in hydrogen bonding, they are anyway unreactive toward such chemicals, poss- Figure 6 . Several typical characteristic base stackings in the d(GGGA) 2 motif. Top: the intra-strand stacking at the junction between the ®rst unpaired guanine base and the paired guanine base in the bracketed sheared GÁ A pair. Middle: the inter-strand stacking. Bottom: the intra-strand stacking between the outer zipper and inner zipper guanine bases. The polarity of guanine bases is indicated by orange arrows (top and middle) while the glycosidic bonds are marked by purple arrows (top, middle, and bottom). Signi®cantly different twist angles were adopted to accommodate this special G-6 stack; while a greater than 60 twisting angle was employed at the junction between the outer zipper G15 residue and the G14Á A6 pair, less than 10 twisting angles were adopted for both the inter (middle) and the intra-G/G (bottom) stacking. Such uneven distribution of twisting angles results in an overall excellent G-6 stack. The outer zipper G15H4
H proton (shown as a pink dot in the top panel) is situated directly under the A6 base participating in the sheared pairing with G14 and experiences a huge ring-current shielding effect to exhibit a chemical shift at 1.63 ppm, while no such effect was observed for the inner zipper G5H4
H , which has no neighboring purine base and therefore exhibits a chemical shift at a somewhat regular value of 3.82 ppm (Table S1 ).
ibly due to the excellent cross-strand purine-purine stacking, as suggested by the authors. More studies are therefore necessary to clarify this situation. Sequence-dependent studies of the (GGA) 2 and (GGGA) 2 motifs are in progress in our laboratory (unpublished results) to determine which register is more responsible for the high stability of the fold-back structure. Judged by the great stability of these three distinct motifs, it is possible that no single register dominates but that all three registers are populated uniformly. In either case, the abundant hydrogen-bonding donors and acceptors from the interdigitated guanine bases and the bracketed sheared GÁ A pairs would very likely be involved in interacting with other proteins to organize the eukaryotic kinetchore and centromere structure.
Recently, the crystal structure of a nonamer containing a zipper-like d(GAAA) 2 motif has been solved at 2.1 A Ê 17 with the help of covalent hexamine cation. The cobalt ion basically serves to form strong H-bonds with N-7 and O-6 atoms of the G residue in the bracketed sheared G ÁA pair to bring together adjacent duplexes, which does not disturb the zipper-like structure. However, the d(GAAA) 2 motif is the least stable among the d(GPuPuA) 2 motifs in solution as studied here, possibly due to the lack of cross-strand hydrogen-bonding of the zipper adenines (Table 1) . Addition of cobalt ion does not improve the spectra quality to any extent (S.-H.C et al., unpublished results). Its detailed three-dimensional structure could not therefore, be addressed by NMR methods due to its dynamic feature. Instead, we have studied the d(GGGA) 2 motif, which is the most stable among the d(GPuPuA) 2 motifs in solution and exhibits rather high quality NMR spectra (Figures 2 and 3 ) that are suitable for the structural determination. However, it is still worthwhile to compare the solid-state d(GAAA) 2 structure with the solution-state d(GGGA) 2 structure, with the overlapping between these two structures shown in Figure 7 . From the Figure, it is clear that several features of these two structures are similar; the bracketed sheared G ÁA pairs are highly buckled, and the central four purine bases are unpaired and interdigitated with each other to form an elongated backbone with a characteristic X shape. However, two major differences exist between these two structures; (1) the solid-state d(GAAA) 2 structure (in red) has a narrower minor groove than that of the solution-state d(GGGA) 2 structure (in blue). The shortest interstrand P-P distance for the d(GAAA) 2 structure is only 6.6 A Ê , while that of the d(GGGA) 2 structure is 8.5 A Ê ; (2) the phosphodiesters and the adenine residues of the zipper residues in the solid-state d(GAAA) 2 structure are not in a position to form cross-strand hydrogen-bonding even when an amino group is attached to the adenine C-2 position. This can be seen in the top of Figure 7 , in which a typical cross-strand hydrogen-bond between the unpaired G-NH 2 and the opposite strand phosphodiester in the d(GGGA) 2 structure is marked by a blue arrow. It is clear from this view that a similar hydrogen-bonding in the crystal d(GAAA) 2 structure would be unlikely to happen (the corresponding distances are larger than 3.5 A Ê ), due to the different stacking pattern of the zipper adenine residues. Closer examination of the overlapping structures indicates that the intercalated adenine residue stacking in the crystal d(GAAA) 2 structure is considerably different from the intercalated guanine base stacking in the solution d(GGGA) 2 structure, due to the different polar natures of the guanine and adenine bases. The stacking between the inner zipper adenine bases (marked by two red arrows in the top panel of Figure 7 and expanded in the bottom panel of Figure 7 ) in the crystal d(GAAA) 2 structure is around 110
, while that of the inner zipper guanine bases in the solution d(GGGA) 2 structure is closer to 180 (middle panel of Figure 6 ) to prevent unfavorable repulsion. The resulting smaller twisting angle in the d(GGGA) 2 motif thus draws nearer the two strands and decreases the minor groove width, while the larger twisting angle in the d(GAAA) 2 motif pushes away the two strands and increases the minor groove width. The anti-parallel stacking nature among the four unpaired guanine bases in the d(GGGA) 2 motif (top panel of Figure 7 ) thus considerably increases its minor groove width. However, it is not clear why the adenine zipper does not adopt a stacking geometry similar to that of the guanine zipper.
Unconstrained nanosecond molecular dynamics studies of the d(GAAA) 2 and d(GGGA) 2 motifs starting from the d(GAAA) 2 crystal coordinates have been performed. 16 Both zipper motifs were found to be internally stable with no major conformational change along the trajectory. However, their theoretical calculation indicates that the intrinsic base-base stacking energy difference in vacuo between the (GGGA) 2 and (GAAA) 2 motifs is only about 1 kcal/mol. 16 This is signi®cantly different from our experimental data in the buffered aqueous solution, in which a large enthalpy difference of approximately 17 kcal/mol or a UV-melting temperature difference of about 13 deg. C was detected. It is likely that the different hydration energies between the two zippers could affect the zipper stability signi®cantly, as the intrinsic basebase stacking does not differ too much (personal communication with Dr Sponer).
Materials and Methods
Sample preparation
All DNA samples were synthesized at the 3 mmol scale on an Applied Biosystems 380B DNA synthesizer with the ®nal 5 H -DMT groups attached. The samples were puri®ed and prepared for NMR studies as described. 34 
UV-melting studies
The absorbance versus temperature pro®le was obtained at 260 nm with a Cary 100 photospectrometer equipped with a temperature-controller. A temperature probe was placed inside the UV chamber to monitor the cell temperature. The temperature in each run was increased from 20 C to 90 C at a rate of 0.5 deg. C/minute. All thermodynamics parameters were calculated by the Van't Hoff method 35 using the program supplied by the vendor.
NMR experiments
All NMR experiments were obtained on a Varian Unity Inova 600 MHz spectrometer. One-dimensional imino proton spectra at 0 C were acquired using a jump-return pulse sequence. 36 The spectral width was 12,000 Hz with the carrier frequency set at the resonance of water. The maximum excitation was set at 12.5 ppm. For each experiment, 4 K complex points were collected and 112 scans were averaged with a two seconds relaxation delay.
The A DQF-COSY spectrum was collected in the TPPI mode with a spectral width of 4705 Hz in both dimensions; 2048 complex points in the t 2 dimension and 320 (real) points in the t 1 dimension were collected with a relaxation delay of one second, and 40 scans were averaged for each t 1 incrementation.
A proton-detected 31 P-1 H heteronuclear correlation spectrum 37 was collected in the TPPI mode with a spectral width of 4705 Hz in the 1 H dimension and a spectral width of 1000 Hz in the 31 P dimension: 1024 complex points in the t 2 ( 1 H) dimension and 128 complex points in the t 1 ( 31 P) dimension were collected. Protons were presaturated for 1.0 second and 128 scans were accumulated for each t 1 incrementation.
The acquired data were transferred to an IRIS 4D workstation and processed by the software FELIX (MSI Inc.) as described. 38 
Structure determination
The 3D structures of the 5 H -GAAGC-TCC-GCTTC-3 H oligomer were generated by distance geometry and molecular dynamics calculations using distance and torsional angle constraints derived from NMR experiments. Most distance constraints from NOESY spectra in 2 H 2 O were classi®ed as strong, medium, or weak based on their relative intensities at 100 ms and 300 ms mixing time and were given generous distance bounds of 2.0-4.0 A Ê , 3.0-5.0 A Ê , or 4.0-6.0 A Ê , respectively. Canonical hydrogen-bond distances with bounds of 1.8-2.1 A Ê were assigned to Watson-Crick base-pairs. A large number of distance constraints involving exchangeable protons were also derived from H 2 O/NOESY spectra and were given only two wide distance bounds of either 2.0-5.0 A Ê or 3.0-6.0 A Ê , due to the exchange phenomena. The b and g torsional angle constraints were determined primarily semi-quantitatively from the 31 P-1 H heteronuclear correlation data 30 using the in-plane``W'' rule. 39 Based on the absence of long-range 4 
J H2
H -P coupling, all e torsion angles were constrained to the trans domain (180(AE30 ). 40 The z and a dihedral angles were all constrained in the nontrans domain, since no backbone phosphorus signal of extraordinary shifting was observed. 41 The w dihedral angles were constrained to À100
(ideal B-DNA values) AE30 when no aromatic-anomeric cross-peaks of comparable intensity to the CH5/CH6 cross-peaks was detected. These NOE distance (272 in total) and torsional angle (104 in total) constraints were used to generate initial structures using the DGII program (MSI, Inc.). The initial structures were further re®ned by restrained molecular dynamics using the program DISCOVER (MSI, Inc.). A 2 ps dynamics was run at 300 K with a step size of 1.0 fs, which was followed by a conjugate gradient minimization of 200 iterations looped ten times. Well-converged ®nal structures with pair-wise r.m.s.d. values of approximately 0.98 A Ê were obtained after molecular dynamics calculations.
